ABSTRACT: The magnitude of second formant frequency transitions in diphthongs produced during simultaneous communication (SC) was investigated by recording sign language users during SC and speech alone (SA). Results showed longer sentence durations in SC than SA but no differences in the absolute values of second formant frequency change during the production of diphthongs. These results are consistent with previous research indicating that temporal alterations in SC do not degrade acoustical characteristics of spoken English. 
both spoken and manual modes. A potential advantage of using SC with persons with a hearing impairment is that it provides a more complete model of English than lip reading alone (Vernon & Andrews, 1990) . This assumed advantage, however, has been challenged by assertions that SC alters the linguistic integrity of manual communication (e.g., deletions of grammatical sign markers) and results in a slowing of speech (Vernon & Andrews, 1990) . A specific criticism of the effects of SC on oral communication was levied by Huntington and Watton (1984) , who observed that teachers who use SC showed disruptions of normal speech prosody and so concluded that SC may not always expose children with hearing impairment to the typical prosodic and segmental features of normal speech.
Research involving experienced and inexperienced signers has demonstrated that speech that is produced during SC is slower in rate than speech that is produced alone (SA) and has longer inter-word intervals, longer second formant frequency changes (Whitehead, Schiavetti, Whitehead, & Metz, 1995; Whitehead, Schiavetti, Metz, & Farrell, 1999) , and longer voice onset times (Schiavetti, Whitehead, Metz, Whitehead, & Mignerey, 1996; Schiavetti, Whitehead, Metz, & Moore, 1999) . Whitehead et al. (1995) , however, have discussed the importance of determining whether this slowing of the global rate of speech during SC results in violations of the linguistic temporal rules of spoken English. The simple slowing of speech may actually improve the speaker's intelligibility when speaking to persons with hearing impairment (Picheny, Durlach, & Braida, 1986; Volaitis & Miller, 1992) . If, however, specific linguistic timing rules of spoken English are violated, then it could be argued reasonably that SC presents a poor speech model to persons with hearing impairment.
Several studies have examined potential violations of linguistic temporal rules of spoken English during SC. These linguistic temporal rules include the effect of vowel height and voicing characteristics of the subsequent consonants on second formant frequency change (Whitehead et al., 1995 , voice onset time differences between voiced and voiceless members of cognate pairs of plosives (Schiavetti et al., 1996 , second formant frequency changes preceding voiced and voiceless syllable-final stops (Metz, Schiavetti, Lessler, Lawe, Whitehead, & Whitehead, 1997) , the trade-off relationship between the duration of the voiceonset-time interval and the duration of vowels following the stop consonant (Metz et al., 2005) , and second formant transitions following stop consonant production (Baillargeon, McLeod, Metz, Schiavetti, & Whitehead, 2002) . In general, the results of the above studies have demonstrated that speech in SC conditions was produced at a slower rate than speech in SA conditions. However, there was no evidence of violations in linguistic temporal or spectral rules.
This investigation extended the examination of acoustic cue preservation during SC by examining second formant frequency change in diphthongs. A primary and most relevant acoustic characteristic of the diphthong production in connected speech is a systematic increase or decrease of second formant frequencies from the beginning to the end of the diphthong (Fucci & Lass, 1999; Peterson & Lehiste, 1960) . This assertion is supported by the findings of a factor analytic investigation that examined acoustic dimensions of speech intelligibility using speakers with hearing impairment, as conducted by Metz, Samar, Schiavetti, Sitler, and Whitehead (1985) . In this investigation, the independent variable of second formant frequency change during diphthong production loaded heavily on the factor that was most predictive of speech intelligibility. An additional motivation for this study arose from the lack of evidence regarding how speaking rate may influence vowel spectra. Baken and Orlikoff (2000, p. 265) reviewed studies of speech rate effects on vowel spectra and concluded that "the effect of rate on formant frequencies is still a matter of some dispute," citing mixed results across studies. The potential of speech rate influences on vowel spectra further underscores the necessity to investigate whether the slowed speaking rate associated with SC might negatively impact the magnitude of second formant frequency change during the production of diphthongs.
In this study, we were specifically interested in whether changes in speaking rate associated with SC would have an effect on the magnitude of second formant frequency change during the production of diphthongs. As such, the purpose of this study was to compare the absolute magnitude of second formant frequency change during diphthongs produced in SC and SA conditions.
METHOD

Speakers
Twelve normally hearing members of the faculty (6 males, 6 females) at the National Technical Institute for the Deaf were selected as speakers for this study. Each speaker had taught deaf, college-aged students for a minimum of 15 years using SC in their classes. Each speaker's sign language performance had previously been evaluated on the Sign Communication Proficiency Index (Caccamise, Updegraff, & Newell, 1990) , and all were classified at the advanced level or higher on this instrument. Therefore, the speakers were considered to be fluent in the use of speech combined with signed English and fingerspelling.
Speech Stimuli
The speech samples investigated consisted of six experimental words embedded into the blank slot of the carrier sentence, "I can say again." The list of experimental words contained the initial stop consonant /h/ followed by the diphthong /eI/, /aI/, /´U/, /OI/, /aU/, or /ju/. Diphthongs in the experimental words were followed by the terminal stop consonant /d/. Specifically, the experimental words were "hide," "hoyed," "hayed," "how'd," "hewed, and "hoed." Each experimental word was produced by each of the 12 speakers in two experimental conditions: SA and SC.
Recording Procedures
Each speaker produced the experimental words embedded in the carrier sentence at a conversational level of loudness as they were presented on flashcards. Audio recordings were made in an audiometric sound booth using an AudioTechnica AT-816 microphone that was positioned 15 cm from each speaker's mouth. The microphone was connected to a Tascam 202MKII tape deck. The speakers produced each group of sentences under the two experimental conditions: SA versus SC. In the SC condition, speakers combined speech with sign language for "I can say" and "again" and with fingerspelling for the six experimental words. Using flashcards, each speaker was presented with the experimental words in the carrier sentence in a different random order for both SA and SC. In addition, the order of experimental speaking condition was counterbalanced across the 12 speakers. A brief period of familiarization was conducted with each speaker before the recording session so they could practice signing the carrier sentence and fingerspelling the experimental words during SC.
Sentence Duration Analysis
The duration of all SA and SC experimental sentences was measured to verify that the speech rate was slower in the SC than in the SA condition. The total sentence duration for the carrier sentence and experimental word was measured in milliseconds for each of the 144 speech samples (6 experimental words × 2 conditions × 12 speakers). The acoustic audio signal was digitized with 16-bit precision at a sampling rate of 20 kHz using a Kay Elemetrics Computerized Speech Lab (CSL Model 4300B). When the digitizing process is initiated, the CSL applies an appropriate low-pass anti-aliasing filter to the raw acoustic signal (e.g., at a sampling rate of 20 kHz, the upper frequency cutoff is 8 kHz), stores the digital record in memory, and displays the resultant waveform on a graphics monitor.
Sentence durations were measured by visually isolating the first positively going portion of the waveform associated with the initiation of speech. The location of this initiation point was marked with a cursor. This position was then stored and the cursor was moved to the end of the sentence and the last positively going portion of the waveform was visually isolated and marked and saved as the second cursor position. The temporal interval between the two cursor points was taken as the value for total sentence duration. Intraobserver, interobserver, and intraspeaker reliability of these sentence duration measurements have been previously reported (Schiavetti et al., 1996; Whitehead et al., 1995) and shown to be adequate.
Second Formant Frequency Change Analysis Procedure
Diphthong second formant frequency changes that occurred during the production of the 144 experimental words from both speaking conditions (SA and SC) were measured by visually isolating the experimental word in the carrier sentence and displaying the entire word on a graphics terminal. A cursor was then placed on the waveform at the onset of voicing following the initial /h/ consonant. The center of the formant at this point in time was visually isolated and a frequency measurement was taken. A second cursor was placed at the end of the second formant's frequency transition associated with the production of the stop consonant /d/. The center of the formant at this point in time was visually isolated and a second frequency measurement was taken. The absolute value of the difference between the second formant frequency value taken at the onset of the diphthong and the value taken at the end of the diphthong was computed. Absolute values were computed because the three diphthongs ending with an /I/ had second formant values that increased in frequency from the beginning to the end of the diphthong, whereas the three diphthongs ending in /U/ had second formant values that decreased in frequency from the beginning to the end of the diphthong.
Interobserver and Intraobserver Second Formant Frequency Change Measurement Reliability
Second formant frequency change measurement reliability was examined by randomly selecting 1 male and 1 female speaker and remeasuring all of their diphthong productions in each speaking condition. To establish interobserver reliability, a trained research assistant made replicate second formant frequency change measurements. These second formant frequency change measurements were collapsed across the subjects for each speaking condition. The mean difference between the original and replicate measurements was 11.67 Hz for the SA condition and 47.71 Hz for the SC condition. Paired t tests revealed no significant differences between the original and replicate measures for the SA condition (t = 1.52; df = 11; p = .156) and SC condition (t = 2.02; df = 11; p = .069).
To establish intraobserver reliability, replicate second formant frequency change measurements were conducted by the researcher who made the original measurements. These second formant frequency change measurements were collapsed across the subjects for each speaking condition. The mean difference between the original and replicate measurements was 13.8 Hz for the SA condition and 9 Hz for the SC condition. Paired t tests revealed no significant differences between the original and replicate measures for the SA condition (t = 1.41; df = 11; p = .280) and SC condition (t = .802; df = 11, p = .439).
RESULTS
Sentence Duration
Average sentence duration for each of the 12 speakers was computed for the SA and SC communication modes. Mean sentence duration in the SC condition was 435.1 ms longer than the mean sentence duration in the SA condition across speakers. A paired t test revealed a significant effect of communication mode on sentence duration (t = 20.84; df = 11; p < .0001). These data indicate that sentence duration was significantly longer in the SC condition than in the SA condition because of the slowing of speech that occurs when speakers simultaneously sign and speak.
Second Formant Frequency Change
A paired t test revealed no significant difference (t = -1.38; df = 71; p = .171) between the absolute values of diphthong second formant frequency change in the SA and SC conditions. A Cohen's d of .096 lends further support to the assertion that SC had virtually no effect on the magnitude of second formant frequency change during diphthong production. These statistical results suggest that the magnitude of second formant frequency change in diphthongs is equivalent across the SA and SC conditions.
DISCUSSION
The results of the present investigation demonstrated that despite the temporal slowing of speech during SC, the magnitude of change in second formant frequency in this experimental condition was equivalent to the magnitude of change in second formant frequency in the SA condition. The present results are consistent with previous research that indicates a temporal slowing of speech when using SC (Windsor & Fristoe, 1989 , 1991 and the maintenance of phonetic rules of spoken English (Schiavetti et al., 1996; Whitehead et al., 1995; . On the basis of these findings, it seems reasonable to conclude that the global slowing of speech during SC does not adversely disrupt the phonetic pattern of spoken English. This conclusion is buttressed by research that has shown no deleterious effects of using SC on vowel formant frequency patterns (Schiavetti, Metz, Whitehead, Brown, Borges, Rivera, & Schultz, 2004) , cognate-pair voice onset times (Schiavetti et al., 1996 , anticipatory fricative duration , voiced and voiceless consonant-vowel interactions (Whitehead et al., 1995; , consonantvowel second formant transitions (Baillargeon et al., 2002) , and consonantal spectral moments (Kardach, Wincowski, Metz, Schiavetti, Whitehead, & Hillenbrand, 2002) . Given the consistency of research findings indicating that SC does not disturb the phonetic patterns of spoken English, it seems reasonable to suggest that SC is a viable method for communicating with persons who are deaf or hard of hearing. This may have particular relevance to young cochlear implant recipients who are placed in educational programs where SC is used. suggested the need to further examine additional acoustic parameters of consonants and vowels during SC to determine if the timing rules of spoken English are affected by reduced speaking rates. This study partially satisfies the call for such research. Future research in this area should be directed toward strengthening the external validity of the present findings by using inexperienced signers, rather than experienced signers, as speakers. Additionally, future research should investigate the timing rules of spoken English during conversational speaking tasks. If subsequent research regarding these segmental characteristics demonstrates that the timing rules of spoken English are not violated during SC, then a strong argument could be put forth for the appropriateness of SC as a model of the English language when communicating with persons who are deaf or hard of hearing.
